Fish recruitment is the result of the integration over a season and large oceanic areas of small-scale processes affecting larval survival. A hydrodynamic model was used (a) to explore and model these physical-biological interaction mechanisms and then (b) to perform the integration from individual to population scales in order to provide recruitment predictions for fisheries management. This method was applied to the case of anchovy (Engraulis encrasicolus) in the Bay of Biscay (NE Atlantic). (a) To tackle survival mechanisms, the main data available were past growth (otolith) records of larvae and juveniles sampled at sea. The drift history of these individuals was reconstructed by a backtracking procedure using hydrodynamic simulations. Along the individual trajectories obtained, the relationships between (real) growth variation and variations in physical parameters (estimated by hydrodynamic simulations) were explored. These relationships were then used to build and adjust individual-based growth and survival models. (b) Thousands of virtual buoys were released in the hydrodynamic model in order to reproduce the space-time spawning dynamics. Along the buoy trajectories (representative of sub-cohorts), the biophysical model was run to simulate growth and survival as a function of the environment encountered. The survival rate after three months of drift was estimated for each subcohort. The sum of all these survival rates over the season constituted an annual recruitment index. This index was validated over a series of recruitment estimations. The modelling choices, model results and potential use of the recruitment index for fisheries management are discussed.
INTRODUCTION
A common feature of fish stocks collapses in history has been the conjunction over a time period of intense fishing effort and succession of low recruitments due to unfavorable environmental conditions (Larkin 1996) . The population dynamics of short-lived species such as small pelagics is especially dependent on recruitment success. More generally, exploitation tends to reduce the life expectancy of all targeted fish populations and consequently increase their dependence on annual recruitment (Longhurst, 1988) . The objective of recruitment prediction requires fisheries oceanography tools to detect environmental variations and their impact on fish populations. A first approach has consisted in establishing large-scale correlations between fish abundance and climate variables (Shepherd et al., 1984) . Most of these correlation models worked for some time then failed, revealing a generally low reliability of this type of pattern oriented approach in which recruitment processes remained largely implicit (Myers, 1998) . Such correlative approach has also been applied to anchovy recruitment (Engraulis encrasicolus) in the Bay of Biscay where the international fishery (Spain and France) is strongly dependent on annual recruitment. Recruitment indices based on winds (Borja et al., 1996) then on meso-scale ocean processes were used by ICES for projecting the population one year in advance with ambivalent results (good estimation of low recruitment, underestimation of high recruitments: ICES, 2004) . Recruitment is the result of the integration over a season and large oceanic areas of processes affecting larval survival, which are dependent on small-scale mechanisms. Opposite to the patternoriented approach, process-oriented studies and models have been developed in fisheries science. Small-scale mechanisms influent on larval mortality were studied in detail in both laboratory and field experiments (Chambers and Trippel, 1997) . The results of these studies were integrated into a variety of models, especially individual-based models (DeAngelis and Gross, 1992) . Interactions between physics, planktonic prey and larvae were simulated in a deterministic way in individual-based models coupled to hydrodynamic models allowing drift and mortality simulations Heath and Gallego, 1997; Coombs, 2001, 2004; Mullon et al., 2003) . These individual-based ecological models, adapted to the study of recruitment mechanisms and to detailed sensitivity analyses, were not used for prediction purposes at the population scale or did not ameliorate prediction reliability, due to their complexity and the difficulty to estimate a number of biological variables at small scale over large ocean areas (Hinckley et al., 2000 ; Hermann et al., 2001) . Considering the lack of knowledge and uncertainties about a number of processes, de Young et al. (2004) highlighted the need for taking into account the uncertainties and suggested probabilistic simulations. The objective of this paper was to build a recruitment model that would be close enough to explicit mechanisms to be more reliable than correlation models and simple enough to be used for prediction. Such an approach required to perform the integration from individual scale (i .e. the scale of mechanisms) to population scale (the scale of annual result). A hydrodynamic circulation model was used for performing this integration. To tackle survival mechanisms, the main data available were past growth (otolith) records of larvae and juveniles sampled at sea. The drift history of these individuals was reconstructed by a backtracking procedure using hydrodynamic simulations. Along the individual trajectories obtained, the relationships between (real) growth variation and variations in physical parameters (estimated by hydrodynamic simulations) were explored. These relationships were then used to build and adjust individual-based growth and survival statistical models. Thousands of virtual buoys were then released in the hydrodynamic model in order to reproduce the space-time spawning dynamics. Along the buoy trajectories (representative of sub-cohorts), the biophysical model was run to simulate growth and survival as a function of the environment encountered. The survival rate after 100 days of drift was estimated for each sub-cohort. The sum of all these survival rates over the season constituted an annual recruitment index, which values were compared to the series of recruitment estimations made by ICES. A schematic diagram summarizes the procedure followed (Fig. 1 ).
MATERIALS AND METHODS

Determination of birth dates and growth curves by otolith microstructure analysis
In spring 1999, monthly egg and larval surveys were undertaken by IFREMER from April to July on a major spawning ground of anchovy off Gironde estuary (Fig. 2) . In September 1999, an acoustic survey targeting juvenile anchovies was jointly conducted by IFREMER and AZTI in SE Biscay, Spanish coast and continental shelf off Gironde (Fig. 2) , areas known as potential nursery grounds . 102 larvae and 148 juveniles were analysed. The thin otoliths (sagittae) of the larvae were read directly using a light microscope at magnification x1250. The thicker otoliths (sagittae) of the juveniles had to be polished before reading. Ototlith increments of larval and juvenile anchovy are deposited on a daily basis (Cermeno et al., 2003) . The age of each individual was counted in daily increments from the mark of mouth opening (Campana and Jones, 1992 ). Subsequently we will use "hatch date" or "date of mouth opening" equally. The hatch date was then deduced from the estimated age and the sampling date. Otolith width was measured every five increments from the inner-most increment to the edge of the otolith. Growth rate (mm day -1 ) was defined as the measured otolith width divided by the number of daily increments corresponding to the measured width. Otolith growth was adopted as a proxy measurement for somatic growth (Garcia et al., 1998; Palomera et al., 1988; Ré, 1986) . The assumption of proportionality between otolith growth and somatic growth was verified by the strong relationship between standard length and sagitta radius. For details on the surveys and otolith microstructure analyses, see Allain et al. (2003) .
Reconstruction of drift trajectories by a back-tracking procedure in a hydrodynamic model
A 3D circulation model (MARS3D) for the whole Bay of Biscay (Allain et al., 2003; Jégou et al., 2001; Lazure and Jégou, 1998 ) was developed at IFREMER, which extended from the French coast at the eastern limit to 8°W and from the Spanish coast at the southern limit to 49°N. The numerical grid had a 5 km x 5 km resolution in the horizontal plane and 30 sigma levels in the vertical. The time step was approximately 900 seconds corresponding to a fixed portion of the tidal cycle. The open boundary conditions (sea level elevation and currents) were produced by a larger 2D barotropic model extending from Portugal to Iceland which was forced by the semi-diurnal tide and by wind fields. Winds estimated by Météo-France ARPEGE model were used as a surface condition and a radiation condition was used for sea water temperature. Daily run-off of the Loire, Gironde and Adour rivers were used as boundary conditions. The temperature and salinity fields calculated by the model were validated by comparison with survey data and with satellite observations (Jégou et al., 2001) . Anchovy larvae and juveniles were found in the surface layer (0-30 m) mainly above the thermocline during surveys. Anchovy larvae were reported to carry out daily vertical migrations (Palomera, 1991 , Garcia et al., 1998 . Therefore we considered the upper 30 m layer as representative of the habitat of anchovy larvae and juveniles. The upper 30 m layer was a water mass that was tracked in the hydrodynamic model by a virtual buoy sensitive to the average current in the upper 30 m layer. No diffusion was considered. Individuals from the egg to the juvenile stages were considered to be transported passively at each time step by the average current in the 30 m surface layer. Virtual buoys, marking unit water masses, were released on a 10 km x 10 km grid south of 47° N every week during the hatching period of the sampled juveniles and larvae (i.e. May to August). The buoy trajectories were stopped on the individuals sampling dates. One trajectory was selected for each individual as its most probable drift trajectory. It was defined as the trajectory beginning on its hatching week and ending at the nearest distance of its sampling location on the sampling date (Allain et al., 2003) .
Association of physical and biological data along individual trajectories
Physical variables were estimated at each time step along the trajectories in the hydrodynamic model: temperature, salinity, bathymetry, stratification indices (potential energy deficit and mixed layer depth) and turbulence indices (vertical eddy diffusivity and turbulent kinetic energy dissipation rate). Indices definitions are detailed in the appendix. The physical history (i.e., the time series of the physical variables) recorded along each trajectory was considered to be the environment encountered by each individual. An illustration is given on Figure 3 . These variables were used to derive physical indices representative of the local habitat of larvae and juveniles: average values of the variables over the upper 30 m were calculated, except for stratification indices which were estimated by definition from surface to bottom (or to 200 m if bathymetry was higher than this limit). Then, as growth was measured every 5 otolith increments, the mean values of the physical indices over 5-day periods were calculated (maximum and minimum values were also calculated for the highly-variable turbulence indices). The biological and physical data were then stored in a data file containing the values of growth rate, age and physical indices (in columns) estimated for each 5-day period for each individual (in lines). To account for a possible lag between a variation in the physical environment and its effect on growth (Gutierrez and Morales-Nin, 1986 ; Folkvord et al., 1997) , the physical indices corresponding to one or two 5-day time steps prior to growth rate were also considered.
Growth model
The growth model concerned the first 100 days post-hatch, a "critical period" when the main (and the most variable) part of mortality is thought to occur in anchovy (Peterman et al., 1988) . Generalized Additive Models (GAM: Hastie and Tibshirani, 1990) were used to analyse the relationships between growth rate and the physical indices. As growth rate distribution was close to log-normal (Beyer and Laurence, 1981) and variance slightly increased with mean for the younger ages, a log-transformation of growth rate was used in order to stabilize the variance (Hastie et Tibshirani, 1990; Draper et Smith, 1998) and normalise the error distribution. The general formulation of the model was then :
with G j : growth rate for the j-th observation, X i : covariates (age and physical variables), T i : smoothing functions, ε : normally-distributed random error.
A 'full model' was first build which included all covariates as linear terms or as spline smoothers with 3 degrees of freedom. The covariate terms were then sorted according to their F-test statistical significance. A standard forward stepwise procedure was then used (S-Plus function step.gam: Venables and Ripley, 2002) to select the most accurate and parsimonious subset of covariates based on the minimization of the Akaike Information Criteria (Hastie and Tibshirani, 1990, chap. 6) . Normality in the residuals and their independence to the response were examined. Sensitivity of model selection and prediction to particular data was analyzed by iterating model selection on randomly selected subsets of the data and comparing model prediction to the remaining data (see Discussion).
Survival model
The relation between growth and survival was investigated using the otolith growth data collected during the surveys mentioned above. Larvae and juveniles with the same spatio-temporal origin were selected and assumed to belong to the same sub-cohorts. The otolith growth rates among the reconstructed sub-cohorts were then compared. The survived juveniles showed faster growth rates during their larval period than the pool of larvae they were estimated to originate from, which supported the idea of growth-selective survival (Allain et al., 2003) . The survival model was based on that result. It was applied to the same period as the growth model: the first 100 days post-hatch. A method for modelling growth-selective mortality under the general "bigger is better" hypothesis (Houde, 1987) had been proposed (Hinckley et al., 1996; Werner et al., 1996) , which consisted in setting for each age a minimum size, weight or growth rate considered to be lethal. In the present study the minimal growth rates observed for each age among the survived juveniles were considered as a proxy of these mortality threshold values. The survival model estimated a survival probability based on the statistical properties of the growth model. First, the minimal log growth rate at age observed among the sampled juveniles older than 100 days post-hatch (35 individuals) was considered as the mortality threshold at age (Fig. 4) . Then at each time step (i.e. age) along a drift trajectory, larval mean growth was estimated with the growth model as a response to the physical parameters. The probability for growth to be higher than the mortality threshold was estimated from the gaussian distribution of the residuals in the growth model. The survival probability Ps was thus defined for each individual i between age j-5 and age j (in days) as the probability that its growth rate G was higher than the mortality threshold m defined for this age :
Along each trajectory, an overall survival probability was defined for each individual i as the product of the survival probabilities over its first 100 days post-hatch:
Spawning model
Anchovy spawning in the Bay of Biscay displays a spatio-temporal distribution described by . Spawning occurs from April to August (peak in June) and expands progressively from the south-eastern part of the Bay of Biscay towards the north and west. The spatio-temporal process of spawning is not currently monitored and its inter-annual variability is also not well known. We therefore used available data and knowledge to develop a spatio-temporal spawning index that reflected the average annual spatio-temporal spawning process from April to August (22 weeks). Fish stock assessment surveys are performed by AZTI (egg surveys) and IFREMER (acoustic surveys) close to peak spawning time and over the entire spawning area. The spatial distribution was modelled using data from these surveys. Seasonal variation in spawning was modelled using data from repeated ichtyoplankton surveys (other than the fisheries surveys) that focused on particular spawning grounds but that did not cover the entire area. The interaction between space and time was modelled based on the background knowledge in Motos et al. (1996) . Data from egg surveys performed in 1999 by AZTI (using vertical 'pairovet' hauls) and in 2000, 2001 and 2002 by IFREMER (using Continuous Underwater Fish Egg Sampler) were used to estimate an average egg distibution close to peak spawning time. The spawning area was divided into a grid of 201 squares with a mesh size of 14 nautical miles. In each square s and year y, the mean egg density z s,y was estimated by the simple average of the data standing in the square. A spatial index I spatial (s) was estimated in each square s by taking the proportion of the eggs observed in s relative to the total egg observed in all years (1999) (2000) (2001) (2002) Then an ogival index was defined for each square and week, derived from the egg densities observed during monthly surveys performed from April to July 1999 on a major spawning ground of anchovy off Gironde estuary (Fig. 2) . A gaussian spawning ogive (Fig. 5) was adjusted to the seasonal evolution of the survey average egg density and the ogive peak was standardised to unity. This ogive was attributed to the part of the grid corresponding to 'Gironde' spawning area (Fig. 5) . The other spawning areas were attributed the same 'Gironde' ogive but with a lag in time of -2 to +4 weeks (Fig. 5 ) so as to reproduce the space-time spawning dynamics. Finally, the space-time spawning index Is was defined for each square s of the grid and for each week t from April to August as the product of the spatial and ogival indices relative to this square and week:
Is (s,t) = I spatial (s) . I ogival (s,t)
The spatial index thus scaled the peaks of the different spawning ogives considered. The spawning index Is was a relative index, giving the percentage of annually spawned eggs that was spawned in each area at each time.
Simulation of transport, growth and survival
The growth and survival models were run along thousands of virtual buoy trajectories supposed to be indicative of the real trajectories of billions of larvae and juveniles over a whole season. The number of trajectories tracked resulted from a compromise between model precision and computational time. For each year of simulation, virtual buoys were released each week from April to August (22 weeks) from the spawning model grid (201 points) and tracked for 105 days in the hydrodynamic model: 5 days corresponding to average egg and vitelline stages duration (Ré, 1996) and 100 days for larval and juvenile stages. As in most individual-based models (DeAngelis et Gross 1992) , only a limited number of individuals could be simulated: 4422 per year in our case, i.e. 88440 biophysical simulations (4422 trajectories x 20 5-day periods). Each virtual buoy could be considered as representative of a subcohort of individuals, which is coherent with the 'average individual' formulation of the transport model. Along each trajectory, the growth rate was estimated every 5 days from the physical environment encountered using the growth model (S-Plus function predict.gam). The survival rate in the subcohort (equivalent to survival probability at the individual scale) was then deduced from the growth rate for every 5-day period. Finally, the overall survival rate Sr of a given subcohort k was defined as the product of the survival rates over its first 100 days post-hatch:
Simulations were performed for the years 1997, 1998 and 1999, years for which wind data from Météo-France ARPEGE model were available.
Integration and recruitment prediction
All the trajectories were not equivalent: for example, virtual buoys released at peak spawning time represented higher numbers of individuals. The survival index Si for a given sub-cohort k was then defined as the product of the spawning index Is corresponding to the space-time origin of its trajectory by the survival rate Sr estimated along its trajectory:
Si (k) = Is (k) . Sr (k)
An integrated survival index S for a given year n was then the sum of the survival indices of all the sub-cohorts over an entire season, divided by the sum of the corresponding spawning indices:
This annual survival index corresponded for a given year to a prediction of the mean survival rate during larval and juvenile stages. The spawning index Is being relative, the survival index S measured survival irrespective of the total number of eggs spawned. The survival index S constituted a recruitment index, as larval and juvenile stages corresponded to the "critical period" where the main and the most variable part of mortality was thought to occur. The hindcast predictive capacity of this index was tested on a series of simulated years by comparing its variations with the recruitment assessments performed by the ICES Working Group on Sardine, Anchovy, Mackerel and Horse Mackerel. The values of the index S (larval and juvenile survival during year n) were compared to the assessment of abundance at age 1 on 1 January of year n+1. A proportionality coefficient K was estimated by simple linear regression (R (n+1) ≈ K .S (n)), allowing to convert the survival index expressed in percent into numbers of recruited fish.
RESULTS
Growth and environment along drift trajectories
The larvae and juveniles collected were 5 to 135 days old after hatching. Otolith growth varied in space and time depending on larvae birth date and drift trajectory (Allain et al., 2003) . Growth rate increased until an age of about 40-50 days then stabilized and progressively decreased (Fig. 6) . The reconstructed drift trajectories showed a general pattern with transport directed towards the South, the South-West and the open sea (Allain et al., 2003) . The latter trajectories exhibited a common seasonal evolution: an increase in temperature and stratification and a decrease in salinity and turbulence. The covariates selected to best fit the growth model were: age, temperature and stratification index. This 3-covariate model explained more than 86 percent of the total deviance (Fig. 7) . The response of growth to stratification was dome-shaped but that to temperature showed no optimum (Fig. 7) . The model residuals showed neither major bias nor obvious pattern (Fig. 8) and the normality and heteroscedasticity assumptions were respected.
Simulation of spawning, transport, growth and survival
The results of the spawning model are illustrated on Fig. 5 . Spawning mainly concentrated in two areas: off Gironde and in the Capbreton canyon region. Spawning reached a peak in June, after which it moved towards the North. An example of transport, growth and survival simulation for a single subcohort is illustrated on Fig. 9 . The growth and survival model was fitted on field larvae and juvenile data collected in 1999. For that year the simulated distribution of the survivors agreed with the distribution of the juvenile anchovy catches by the Spanish Basque tuna live bait fishery (Allain et al., 2001b) , which suggested a general validity of the transport and survival models at the scale of the season. The survival indices at the end of the trajectories (100 days post-hatch) of all the sub-cohorts for the years 1997-1999 are illustrated on Fig. 10 . The spatial patterns suggested a strong influence of transport (i.e. environment encountered along the drift trajectories) on survival.
Recruitment prediction
The values of the recruitment index for years 1997, 1998 and 1999 are shown on Fig. 11 . The recruitment variations predicted by the biophysical simulations (Fig. 11) were close to the variations of recruitment estimates performed by ICES (R 2 >0.9). The recruitment index resulting from biophysical simulations agreed better to the ICES recruitment series for the three years analysed than the former correlation index , suggesting potential improvement in recruitment prediction.
DISCUSSION
The methodology used in building the biophysical model required (a) physical data from hydrodynamic model simulations and (b) biological data from classic surveys at sea, hence could be applied to other regions and populations. The modelling approach was driven by biological field data and also simplified the drift processes. The advantage was a direct calibration of the biological model. Its drawback may be a dependence on particular data jeopardizing reliable prediction. These aspects are now discussed.
Transport modelling
In recent studies , Hinckley et al. 1996 , Mullon et al. 2003 , fish larvae were modelled as particles evolving in 3D current fields of hydrodynamic models, which moved according to passive advection and diffusion processes. In these studies it was necessary to impose an active vertical behaviour to the particles so that a realistic proportion of these reached the known nursery areas. This behaviour consisted in vertical daily migrations maintaining the individuals within a particular depth range, which could be determined so as to maximize transport success. A different approach was followed in this study for a number of reasons. The anchovy nursery areas extend over large parts of the Bay of Biscay, which made the notion of transport success difficult to define a priori. The depth range for transport was supposed to correspond to the habitat (upper layer) where anchovy larvae and juveniles have been observed (Petitgas et al., 2004) . The consideration of diffusion in the back-tracking procedure implied very high computational time and cost. Besides, recent tracking experiments of real buoys on the French shelf of the Bay of Biscay (Lazure, unpublished data) showed the dominance of advective (deterministic) movement due to tides and winds over diffusive (turbulent) movement. The hypothesis made in this study was that individual transport could be approximated by passive transport according to the average advective current within the depth range of the larvae/juvenile habitat. This simple transport model was able to reproduce the general transport scheme of anchovy larvae and juveniles from spawning to nursery areas in the Bay of Biscay (Allain et al. 2001b) . More validation studies would be helpful, such as comparisons with real buoy trajectories and with transport simulations including diffusion.
Growth model validation
As additional individuals were not available, the following resampling technique was used for the validation of the growth model. (a) A proportion (0.6) of the whole sample of N individuals was randomly selected, (b) a growth model was selected using the p selected individuals only and (c) the growth rates predicted by this model were compared to the observed rates for the remaining N-p individuals. The procedure (a, b, c) was repeated a hundred times. The models selected in the validation procedure resulted to be all similar (with age, stratification and temperature as most significant covariates), which suggested a low sensitivity of the model structure to the data. The comparison between predicted and observed individual growth rates (Fig. 12) showed that mean growth rate was well estimated while variance around the mean was slightly underestimated. The sensitivity of the growth model to the association procedure of individuals with trajectories was also examined: individuals were associated with the second and third nearest trajectory when considering to the distance between sampling location and virtual buoy location on the date of sampling. The growth models build using these different trajectories also resulted to be very similar to the original one (same significant covariates), due to the similar evolution of physical variables recorded along those close trajectories. Indeed, the fields of the growth model covariates simulated by the hydrodynamic model were smooth.
Growth and environment along drift trajectories
Otolith growth rate in the early life stages was related to age, stratification and temperature. The strong dependence of growth rate on age (Fig. 7) was related to the major morphological transformations during larval and juvenile stages. At the age of 40-50 days post-hatch growth rate reached a maximum corresponding to the onset of metamorphosis (Ré, 1996) . The positive influence of temperature on growth in early life stages has been widely observed in both natural environment and rearing experiments (Ricker 1979) . The results would indicate a temperature optimum close to 19-20°C. The dome-shaped relationship observed between stratification index and growth rate suggested that moderately stratified waters would be favorable to growth. MacKenzie et al. (1994) and Sundby (1997) observed a dome-shaped relationship between turbulence and larval fish ingestion rates. At a broader scale, Cury and Roy (1989) noticed a dome-shaped relationship between wind intensity and recruitment of small pelagic fish in upwelling systems. Though general ecological knowledge supported the dome-shaped relationship between growth and water column stratification, the precise processes underlying the relationship are still hypothetical. Highly stratified (i.e. open ocean) waters could be unfavorable to growth because of generally low productivity and low encounter rates with prey. Unstratified (i.e. coastal or wind-mixed) waters could be detrimental to food intake by larvae and/or dispersion of plankton aggregates.
Sensitivity of survival to the growth threshold
The mortality rates over 5-day periods predicted by the survival model decreased strongly with age ( Fig. 9) , which was coherent with the results of larval mortality studies (Houde, 1987) . The sensitivity of the survival model to the mortality threshold values was studied as follows. The simulation corresponding to peak spawning (mid-June release of virtual buoys) was repeated 10 times, with mortality threshold values being each time modified by a certain percentage around their initial value (from -50% to +50%). A 10 % variation in mortality threshold values resulted in a variation of about 5% on the mean survival probability over 5 days, hence in multiplying the mean survival probability at 100 days post-hatch by a factor ranging from 5 to 10 (Fig. 13) . The overall survival rates calculated with the biophysical model (Fig. 11) were coherent with that estimated by Peterman et al. (1988) for Engraulis mordax.
Recruitment prediction
This study was an attempt to simulate the recruitment process by integrating individual growth and survival over the population distribution in space and time. The biophysical model predicted variations in recruitment compatible with the ICES series in the 3 year period studied. A higher number of years will off course be necessary to fully assess the predictive capacity of the biophysical model. A first limit in the reliability of prediction lies in extrapolation, as models fitted on a limited number of observations are run for simulations over a broader range of parameter values, time and space intervals than that observed. We compared the distributions of the growth model covariates (temperature and stratification along the trajectories) used for model construction with that simulated for prediction (Fig.  14) . The comparison revealed no major bias, meaning that prediction was made with environmental parameter values in the range of that observed. Extra individuals (larvae and juveniles) would nevertheless be precious to further validate the growth and survival models by exploring a larger part of the variability of physical-biological interactions. A second limit of the biophysical simulations lies in simplification (which is inherent to modelling). Many elements were absent from the biophysical model presented here: processes related to transport (general circulation and deep slope currents, smallscale eddies, etc.), biological processes not related to the physical variables of the growth model (inter-annual spawning variability, larval prey size, predation, density-dependence, stock demography, etc.). The modeling choices resulted from a compromise between accuracy and precision. Compared to the correlation index (Fig. 11) , the 'biophysical' recruitment index required more computations but was likely to be more reliable because it integrated fine-scale processes and transport from individual to population scales. This study constituted a further step towards the objective of operational recruitment prediction and integration of environmental variability into fisheries management.
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, ρ z : density at depth z, and H : water depth Mixed layer depth (h s ) : the water column was considered to be composed of two distinct layers with homogenous densities, a surface layer with height h s and a bottom layer with height h b . The state equation ρgH = ρ s gh s + ρ b gh b can be used to estimate h s = H (ρ-ρ b ) / ( ρ s -ρ b ), with H: total water depth, ρ: mean density from surface to bottom, ρ s : surface density and ρ b : bottom density being known parameters.
Turbulence indices
Vertical eddy diffusivity Kz from surface to bottom (m with ν the kinetic viscosity and k 2 E(k) the kinetic energy dissipation spectrum. This variable has been widely used for the study of turbulence effects on fish larvae (e.g., Mackenzie et al., 1994; Sundby, 1997) . Left: the minimal growth rates at age observed among the survived juveniles that were considered as mortality thresholds at age. Right: the probability (1-Ps) for growth at age (in log) to be higher than the mortality threshold at age (m, in log) that was estimated from the gaussian distribution (d) of the residuals of the growth model. 
